Right ventricular (RV) morphology has been associated with adverse clinical outcomes in Fontan patients. The impact of RV versus left ventricular morphology on ventricular stress and strain in single ventricles is not well known.
A
Fontan operation is the typical final palliative surgery for patients with a functional single ventricle. The abnormal hemodynamic load associated with the Fontan circulation leads to remodeling of the single ventricle, but given the intrinsic and structural differences between morphological right ventricle (RV) and left ventricle (LV), it is reasonable to expect the LV to adapt better as a systemic ventricle than the RV. For example, in a biventricular circulation after a Mustard or Senning operation for transposition of the great arteries, the RV has a high rate of decompensation in young adults. 1, 2 Several publications in the Fontan literature suggest worse clinical outcomes in RV dominant hearts compared with LV, but the mechanisms for this observation remain unclear. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The physiological variables that affect ventricular function and its adaptation are preload, afterload, and contractility. Invasive measurements with high fidelity pressure and volume catheters are required to obtain an accurate assessment of these variables. Noninvasive indices are often used as approximates for ventricular preload (eg, cavity dimension, volume), afterload (eg, blood pressure, wall, or fiber stress), and contractility (eg, ejection fraction [EF] , shortening fraction, strain). Cardiac magnetic resonance (CMR) based methods to estimate ventricular stress and strain have been developed and previously reported in structurally normal hearts. 13, 14 However, these measurements and their interrelationships have not been explored in detail in patients with single ventricles.
The present study aimed to noninvasively measure ventricular fiber stress and strain in Fontan patients using CMR and hypothesized that RVs may have higher fiber stress and lower global strain compared with LVs. In addition, the study evaluated associations between ventricular morphology and clinical outcomes, including cardiopulmonary exercise testing data, heart transplantation, and death.
METHODS
The data, analytic methods, and study materials will not be made publicly available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
Patients with Fontan circulation who underwent a CMR examination between August 2003 and February 2016 at our center were retrospectively identified. When multiple studies were available for a patient, the most recent study was used for analysis. Ventricular morphology was categorized as LV, RV, or mixed. The mixed category was applied when a significant sized smaller ventricle (defined as end-diastolic volume [EDV] ≥25% of combined ventricular EDV or EDV Z score ≥−4) contributed to the systemic circulation, and these patients were excluded from further analysis. Minimum requirements for further analysis included availability of ventricular mass and volume data from the CMR, availability of an upper extremity cuff blood pressure, and the ability to perform feature tracking analysis in at least one plane.
CMR Protocol
Studies were performed on a 1.5 Tesla scanner (Philips Healthcare, Best, the Netherlands). The details of the CMR protocols used in our unit for assessment of patients after the Fontan operation have been previously published. 15, 16 A stack of electrocardiographic-gated, breath-hold steadystate free precession cine images acquired in a ventricular short-axis plane were used for ventricular mass, volume, and feature tracking analysis. Typical spatial resolution was 1.7 to 2 mm by 1.7 to 2 mm with a slice thickness of 8 mm. For each slice, 30 phases were reconstructed with a typical temporal resolution of 30 to 40 ms. Ventricular mass, volumes, and EF were measured by manually tracing endocardial and epicardial borders at end-diastole (maximal area) and end-systole (minimum area) using commercially available software (QMass, Medis Medical Imaging Systems, Leiden, the Netherlands). Variables included indexed ventricular EDV (EDV i ), indexed end-systolic volume (ESV i ), EF, end-diastolic epicardial volume (EDV epi ), myocardial volume, indexed ventricular mass (Mass i ), and mass-to-volume ratio. Myocardial volume was defined as the difference between epicardial and cavity volumes (EDV epi −EDV). Mass and volume measurements were indexed to BSA 1.3 . 15, 17 When 2 ventricles contributed to the systemic circulation, total biventricular volume and mass were used. Flow measurements were performed using an electrocardiographically gated through-plane cine phase-contrast magnetic resonance sequence. Target vessels included the ascending aorta, superior and inferior venae cavae, right and left pulmonary artery branches, and individual right and left pulmonary veins. Blood flow rates were calculated using commercially available software (QFlow, Medis Medical Imaging Systems, Leiden, the Netherlands). Aortopulmonary collateral flow was quantified as the difference between ascending aortic flow and the total systemic venous return as previously described. 18, 19 When available,
CLINICAL PERSPECTIVE
The anatomic left and right ventricles have inherent differences including differences in myofiber architecture. The right ventricle adapts suboptimally as a solitary pumping chamber in the Fontan circulation as compared with the left ventricle. This cardiac magnetic resonance imaging-based study showed that in the Fontan circulation, single right ventricles have a higher end-systolic wall and fiber stress, a higher rate of ventricular dilation, lower circumferential fiber shortening, and similar longitudinal shortening as single left ventricles. Ventricular dilation, worse circumferential strain, and right ventricular morphology are associated with death or transplantation in this population.
the degree of atrioventricular valve (AVV) regurgitation and aortic regurgitation was categorized as significant (greater than or equal to moderate or a regurgitation fraction ≥20%) and not significant (mild or lower).
Stress Analysis
Two measures of ventricular stress were calculated (1) endsystolic wall stress (ESWS) and (2) global average midwall end-systolic fiber stress (ESFS ga ). 13, 20, 21 For both measurements, mean upper extremity cuff blood pressure (typically recorded immediately before or after the CMR) was used as a surrogate for ventricular end-systolic pressure. 22 ESWS was calculated using the thick-walled spherical model that estimates wall stress inside a hypothetical sphere with a cavity volume equal to ventricular ESV, and wall volume equal to ventricular muscle volume by the following formula. 13, 20 ESWS MBP
MBP=mean Blood Pressure (kPa), ESV=end-systolic volume (mL).
ESFS ga was calculated using the following formula as described by Regen et al.
MBP=mean blood pressure (kPa), ESV=end-systolic volume (mL), EDV=end-diastolic volume (mL), EDV epi =epicardial end-diastolic volume (mL).
Strain Analysis
Global circumferential strain (GCS) and global longitudinal strain (GLS) were calculated using feature tracking analysis on the steady-state free precession ventricular short-axis and 4-chamber images at the midcavity level using commercially available software (2D CPA MR, version 1.1.2.36, TomTec imaging systems, Unterschleissheim, Germany). Details of the strain analysis methodology and reproducibility in our laboratory have been previously published. 23 The endocardial border of the single (or dominant) ventricle was manually traced, and the software automatically tracked the border throughout the cardiac cycle. If tracking was judged to be suboptimal by visual inspection, the endocardial border was retraced until satisfactory tracking was accomplished. As GCS and GLS represent fiber shortening, they have a negative numeric value. Throughout the article, a numerically lower (more negative) value represents greater shortening and is referred to as better GCS/ GLS, whereas a numerically higher value (less negative) is referred to as worse GCS/GLS.
Cardiac Catheterization Data
When available, and if performed within 2 years of the CMR, results of cardiac catheterization were reviewed.
Catheterizations with interim surgical interventions were excluded.
Outcomes
When available, and if performed within 2 years of the CMR, results of a cardiopulmonary exercise test were reviewed for the following variables: percent predicted peak rate of oxygen consumption (Vo 2 ), percent predicted work rate, and ventilatory equivalent for oxygen (VE/Vco 2 slope). Exercise tests with submaximal effort (respiratory exchange ratio <1.09 or heart rate <70% predicted) were excluded.
Medical records were reviewed for a composite outcome that included all-cause mortality, heart transplantation, or listing for heart transplantation. Dates of listing for cardiac transplantation, transplantation, or death were confirmed against the New England Organ Bank and the Social Security Death Index databases. Follow-up was measured from the date of the CMR to the above outcome or the last known follow-up date.
Statistical Analysis
Continuous variables are reported as medians with interquartile ranges unless otherwise specified. Continuous measurements were compared between the LV and RV groups using the Mann-Whitney U test. Proportions were compared using the Fisher exact test. Univariate and multivariable regressions were performed to explore presence of linear relationships between various measurements in the overall cohort as well as subgroup analysis within each of the 2 morphology groups. Slopes of ventricular stress-strain relationship between LV and RV groups (as depicted in Figure 1 ) were compared using ANOVA incorporating factor-bycovariate interaction terms. 24 Kaplan Meier survival curves with log-rank test were used to compare freedom from the composite outcome between LV and RV groups (analysis was restricted to 10 years of follow-up because of sparse data and unreliable estimates beyond that period). Analyses were performed using SPSS version 21.0 (IBM Corporation, Armonk, New York) and STATA/SE 13.1 (StataCorp LP, College Station, TX).
The Boston Children's Hospital Committee on Clinical Investigation approved this study and waived the requirement for informed consent.
RESULTS

Baseline Characteristics
A total of 334 patients met the initial screening criteria. Of these, 105 were excluded because of mixed ventricular morphology and further 36 were excluded because of suboptimal imaging data or lack of blood pressure measurement. Hence, the study population included 193 patients (63% male) with a median age of 16 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) years (Table 1 ). The LV group included 101 (52%) patients and the RV group included 92 (48%) patients. Patients in the RV group were younger and had a lower mean blood pressure when compared with the LV group. The most common anatomic diagnoses were hypoplastic left heart syndrome (32%), tricuspid atresia (21%), double-inlet LV (19%), doubleoutlet RV (9%), pulmonary atresia with intact ventricular septum (7%), unbalanced common atrioventricular canal defect (5%), and hypoplastic right heart structures (3%). Table 2 shows comparisons of mass, volumes, function, flow, stress, and strain data between the RV and LV groups. Compared with the LV group, patients with single RV had larger ventricular diastolic and systolic volumes, higher wall and fiber stress despite a lower mean blood pressure, a higher proportion of AVV regurgitation, lower mass-to-volume ratio, and worse GCS. The effect of ventricular morphology on GCS and ESFS ga was independent of age on multivariate regression analysis. ESFS ga showed a significant negative correlation with EF (R Both measures of ventricular stress (ESWS and ESFS ga ) were calculated using different mathematical equations based on the same set of variables and showed excellent correlation ( Figure 2 ). Ventricular stress-strain relationships stratified by ventricular morphology are depicted in Figure 1 . There was a significant linear decline in GCS with increased ESFS ga in both RV and LV groups; however, the relationship between GLS and ESFS ga did not achieve statistical significance in either group.
CMR Findings
Subgroup analysis of the RV group showed that dilated RVs (EDV i ≥100 mL/BSA 
Catheterization Findings
Cardiac catheterization data were available in 70 patients (38 RV, 32 LV). The median gap between the catheterization and CMR was 49 (1-268) days. The median Fontan baffle pressure was 15 (12) (13) (14) (15) (16) (17) With a median follow-up period of 6.2 (3.6-9.5) years, 24 (12%) of the patients met the composite outcome with 20 deaths, 2 heart transplantations, and 2 heart transplant listings. In the RV group, 15 of 92 (16%) patients had the outcome as compared with 9 of 101 (9%) in the LV group. LV group had higher freedom from the composite outcome as compared with the RV on Kaplan Meier survival analysis with log-rank test (Figure 3 
DISCUSSION
This study assessed the relationships between ventricular morphology, wall and fiber stress, and strain in patients after the Fontan operation using CMR. Compared with Fontan patients with LV morphology, those with RV morphology showed a higher rate of death/ transplantation, higher ventricular volumes, lower mass-to-volume ratio, and lower circumferential fiber shortening. Interestingly, the longitudinal shortening, as assessed by GLS, was similar between the groups. These data on ventricular mechanics may help explain the suboptimal adaptation of the RV as a systemic ventricle. The association of transplant-free survival with ventricular dilation and decreased circumferential strain in this population was reaffirmed. 25 As a measure of myocardial afterload, wall, and fiber stresses are important determinants of ventricular function, hypertrophy, and oxygen consumption. Many of the mathematical models used for calculation of wall stress are based on the assumption of a spherical or prolate ellipsoid shape to account for LV morphology. These equations do not consider the presence of a second ventricle and have been developed through the assumption that the RV exerts no impact on the LV wall stress. Despite these limitations, increased LV wall stress, measured noninvasively, has been associated with adverse outcomes in adults with ischemic heart disease. 26 In a recent large study of 1768 asymptomatic adults enrolled in the MESA (Multi-Ethnic Study of Atherosclerosis), a higher ESWS (calculated using a similar method as in the present study) was associated with a higher rate of incident heart failure. 27 Its prognostic ability, however, was superseded by GCS in a multivariable analysis. The assumptions in these techniques may be even more important in the Fontan circulation where ventricular shape can be highly variable. Nevertheless, it is important to note that the mean LV ESWS in the MESA cohort was 8.9±2.5 kPa, which is dramatically lower than 16.5±6 kPa for the LV group and 19.2±7 kPa for the RV group in the present study. The purpose in using the Regen model to derive ESFS ga in addition to the ESWS in the current study is that it was specifically formulated to allow calculation of global average wall and fiber stress that is accurate for chambers of any shape and fiber orientation and makes no assumptions about the impact of a second ventricle. 21, 28 The RV group in the current study had higher wall and fiber stresses despite a lower BP. Because stress is a function of pressure×(volume/mass), mathematically the higher volume/mass accounts for the elevated stress. The difference between wall and fiber stress is that wall stress does not take into account the fact that radial stress inhibits fiber shortening, and therefore underestimates the forces opposing fiber shortening. The Regen equations incorporate these forces, as reflected in the fact that fiber stress is invariably higher than wall stress. A worse GCS but a similar GLS in the RV group in comparison to the LV group likely results from differences in fiber arrangement and preferred direction of shortening. The normal RV myofiber architecture and orientation are characterized by more longitudinal and fewer circumferentially oriented fibers than is observed in the LV, which is mechanically disadvantageous for pressure generation. 29 Dilated RVs also had a lower GCS than nondilated RVs. Taken together, these observations suggest that compared with the LV, the RV adapts less well to the substantial increase in hemodynamic load associated with the Fontan circulation.
Ventricular dilatation was associated with death and heart transplantation in this study, a finding similar to previously published data from an overlapping cohort from our institution. 15 This is not unique to the Fontan circulation as dilation of the systemic ventricle is an established marker of worse prognosis in several conditions, including dilated cardiomyopathy and mitral and aortic regurgitation. 30 In contrast to acquired myocardial disorders, the systemic single ventricle is exposed to abnormal hemodynamic stress beginning from prenatal life, which may predispose it to early failure. Indeed, the RV group had a higher rate of heart transplantation or death compared with the LV group in the current cohort. The RV is particularly at risk of failure as it has evolved to support the low-resistance, high-capacitance pulmonary circulation. Higher rate of AVV regurgitation may contribute to ventricular dilation in the RV group. Dilatation, along with an inadequate increase in ventricular mass predisposes RVs to higher wall stress compared with LVs; however, the exact mechanisms underlying worse adaptation of the RV in the Fontan circulation remain largely unknown.
Study Limitations
This study used mathematical models to estimate average systolic wall stress inside a chamber that is often quite irregularly shaped with nonuniform wall thickness. Although global average wall stress was higher in the RV group, this study does not provide regional information. Higher volume/mass is mathematically responsible for a higher wall and fiber stress in the RV group, but the underlying mechanisms for these abnormalities remain unknown. Mean cuff arm blood pressure was used as a surrogate for end-systolic ventricular pressure. An accurate ventricular pressure can be obtained invasively; however, the retrospective nature of this analysis precluded this type of assessment. It is important to note that there is no available method to directly measure wall stress invasively, including open chest or isolated muscle preparations. 31 Patients with pacemakers and defibrillators were excluded from this study as they remain a relative contraindication to a CMR examination. Referral bias for CMR testing may mean that sicker and more symptomatic patients are overrepresented in this cohort. This was a cross-sectional analysis that precludes evaluation of the temporal relationships between ventricular dilation, hypertrophy, and dysfunction. The time gap between the exercise testing and catheterization and CMR was relatively long (up to 2 years) considering the average age of ≈16 years in this cohort. As a result, bias arising from this time gap cannot be completely excluded. The catheterization and exercise testing subgroups may be also biased subsets of the larger population, and the power to detect difference between LV and RV morphology within these subgroups is more limited.
Conclusions
Compared with Fontan patients with LV morphology, those with RV morphology have higher end-systolic wall and fiber stress, a higher rate of ventricular dilation, lower circumferential fiber shortening, and similar longitudinal shortening. Difference in myofiber architecture may contribute to suboptimal adaptation of the RV as a systemic ventricle. RV morphology, ventricular dilation, and worse circumferential strain are associated with death or transplantation in this population.
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